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ABSTRACT
It is found out that there are physical effects, typical
of small metal clusters deposited on a non-adsorbing
support, that cause a difference between the adsorption
properties of sites at the metal cluster surface and those
of sites at the boundary of metal-support. This differ-
ence gives rise to an extra band in the IR spectra of the
adsorbate whose major property is that its intensity
changes with cluster size.
The migration of chemisorbed molecules (atoms, ions)
and molecules (atoms, ions) in any excited state over
adsorption sites of different type results in changes in
the state of the molecule (atom, ion) since the latter ad-
justs its state to the set of levels of another type of site.
This can be described figuratively as a transformation
of the type of adsorption site. Thus, a single type of
adsorption site, called next surface effective site (SES),
is formed. The energy of desorption from SES site re-
tains an explicit dependence on the metal cluster size. A
simulation of TPD spectra of oxygen desorption from
small Pt clusters deposited on NaX zeolite was carried
out. A comparison to experimental TPD spectra obtained
by Jaeger and co-workers for the same system is made.
Keywords: clusters, desorption, TPD spectra, platinum,
oxygen, zeolites.
1. INTRODUCTION
 So far, the theoretical investigations of the macro-
scopic adsorption characteristics, such as sticking
coefficient and desorption rate, have been developed for
systems of infinite size. It is to be expected, however,
that the adsorption properties of small metal clusters,
deposited on a non-adsorbing support, differ from the
adsorption properties of infinite well-defined single crystal
surfaces. A specific property of the small clusters is
related to effects that act toward formation of difference
between the properties at the cluster surface and at the
boundary of metal-support. These effects, which are
typical of a large class of systems, like adsorbate/metal
cluster/support, are the following. (i) The screening effect
of the electrostatic field of the support is larger for
adsorption sites at the cluster surface than for adsorption
sites at the metal-support boundary. (ii) The presence of
the boundary acts toward an increase of the electron
density localization, an analogue to the Schottky effect.
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The difference between the adsorption properties at
the surface of the cluster and at the boundary of  metal-
support becomes evident when the adsorption proper-
ties at the cluster surface are insensitive to the particular
local geometry of the surface and the major adsorption
mechanism is the electronic transfer. Then, only two
types of adsorption sites are formed, namely, adsorp-
tion sites at the cluster surface and adsorption sites at
the boundary of the support. On the contrary, when the
adsorption properties are sensitive to the local geom-
etry, formation of several types of adsorption sites is
possible. Thus, the effect of the difference between the
surface and the boundary types of adsorption sites is
blurred.
An example of a system that meets the above con-
finements is oxygen adsorbed on Pt or Pd clusters sup-
ported on zeolite lattices. According to Vedrine et al. [1],
the major mechanism of interaction between a Pt clus-
ter and NaY zeolite is the electronic transfer. It is well
established that the zeolites form an intense electrostatic
field. More precisely, Vedrine et al. [1] have found that:
(i) Pt atoms are ionic-bonded to the lattice oxygen; (ii)
no difference in electronic properties is observed for 1
nm and 2 nm Pt clusters in the zeolite; (iii) Pt clusters
strongly interact with the zeolite by electronic transfer;
(iv) Pt and Pd ions at cationic sites on the zeolite are
shown by XPS to be bonded to lattice oxygen by ionic
bonds while more covalent bonds are involved in the
case of Pt or ( ) +243NHPt complexes and to a large extent
in the case of PtO and PdO; (v) electron acceptor sites
develop on NaY as Pt content increases.
Kohiki and Ikeda’s [2] evaluation shows that the in-
fluence of the substrate on the electron core binding
energy at small Pd clusters is relatively large.
Item (iv) confirms the assumption about extra-locali-
zation of the electron density at the boundary of cluster-
support. It is well established that the electron density
localization is a premise for covalent bond formation.
That is why it is supposed that PtO is formed at the
boundary as follows: a Pt atom at the boundary, bonded
to lattice oxygen, is bound to another oxygen atom that
belongs to the adsorbate. Therefore, one should expect
the appearance of an extra band in the IR spectra of
adsorbed oxygen. The position of the band corresponds
to the bond energy of PtO2 while its intensity changes
with cluster size. The dependence of the intensity on
cluster size is a result of the assumption that PtO con-
tent is proportional to the number of occupied boundary
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adsorption sites but not to the whole number of occu-
pied adsorption sites.
The formation of two major types of adsorption sites
is supported also by calorimetric investigations. Nor-
man et al. [3] have found that the energy of PtO is
8.41355 ± kJ/mol whereas Savitskii et al. [4] have re-
ported that the minimum heat of adsorption of oxygen
on Pt clusters is 125 kJ/mol.
It is experimentally well established that the sticking
coefficient of oxygen adsorbed on different well-defined
surfaces is insensitive to the crystallographic orienta-
tion. This fact supports the assumption that only two
types of adsorption sites are formed at the Pt clusters
deposited on NaX zeolite.
The principal goal of the present paper is to study the
rate of oxygen desorption from small Pt clusters depos-
ited on NaX zeolite. The particular interest in the
desorption rate is provoked by the unusual properties of
the TPD spectra obtained by Jaeger et al. [5,6] and by
the above-listed strong experimental evidence of forma-
tion of only two types of adsorption sites. An important
feature of the experimental data is that each TPD spec-
trum contains a single peak whose position changes with
cluster size. The assumption that the desorption from
both types of adsorption sites are two independent proc-
esses would has resulted in TPD spectra with two well
resolved peaks whose relative intensity would have
changed with cluster size but their position would have
been fixed. The independence of desorption from dif-
ferent types of adsorption sites is possible when
desorption is completed in the period of a single vibra-
tion as this is supposed on deriving the Wigner-Polyani
equation for the desorption rate. This assumption, how-
ever, is too tight to be relevant to every adsorption sys-
tem. Next, it is assumed that desorption is a process of
gradual excitation from ground (chemisorbed) state to a
free particle (desorbed state). The dominant property is
that the rate of surface migration at each level of excita-
tion is non-vanishing. Therefore, an excited molecule
(atom, ion) can visit several adsorption sites of different
type during desorption. Occurring on another type of
site, the excited molecule (atom, ion) adjusts its state to
the nearest state that belongs to the set of levels of the
new site. Next, the process of adjustment is figuratively
called transformation of the type of adsorption site. Ap-
parently, this process affects the overall energy of
desorption. The possibility of undergoing transforma-
tion breaks the statistical independence of both types of
adsorption sites and a single adsorption site, called sur-
face effective site (SES), is figuratively formed. An ex-
plicit equation for desorption rate from SES’s is dis-
cussed in the next section. Further, a comparison be-
tween simulated TPD spectra, according to the derived
equation, and TPD spectra experimentally obtained by
Jaeger et al. [5,6] is made.
2. BACKGROUND FOR DERIVATION
OF THE DESORPTION RATE EQUATION
The main hypothesis of the present paper is that
desorption is a process of gradual excitation of a
chemisorbed molecule (atom, ion) from the ground state
to a state of a free molecule (atom). The process in-
cludes excitation of the electronic, vibration and rota-
tional degrees of freedom of a chemisorbed molecule
(atom, ion). Desorption can be described as a gradual
excitation through a sequence of levels that are formed
by the Hamiltonian of the interaction between a
chemisorbed molecule (atom, ion) and an adsorption site.
A distinctive common property of chemisorption is that
there are four open channels at any level of excitation.
The molecule (atom, ion) can be excited to a higher level,
it can migrate to a neighbouring adsorption site, it can
stay at the same site at the same level or it can relax to a
lower level. Since the chemisorption proceeds on metal
clusters deposited on a solid support, the principal mecha-
nism of migration both in the ground and in any excited
state is the phonon-assisted hopping. Usually, the rate of
desorption is considerable at high enough temperatures
such that the hopping diffusion coefficient is also rela-
tively large. The latter provides the importance of the
following effects:
(i) Each type of adsorption site retains a specific set
of excited levels. On hopping to a site of another type, a
molecule (atom, ion) changes its state by excitement or
relaxation to the nearest level that belongs to the set of
levels of the latter type of adsorption site. As it was
mentioned above, this process is figuratively called a
transformation of the type of adsorption site. Appar-
ently, the number of transformations that a molecule
undergoes during desorption affects the overall energy
of desorption. This problem is discussed in the next sub-
section.
(ii) When the adsorbate forms submonolayer cover-
age, another type of transition is possible. While a mol-
ecule (atom, ion) is in an excited state on an unoccupied
adsorption site, a chemisorbed molecule (atom, ion) from
a neighbouring site can hop to the same site. Then the
excited molecule (atom, ion) cannot anymore relax to a
lower state (and eventually being chemisorbed on that
site) but it can only either migrate or be excited to a
higher level. The occupation of the adsorption site by
the chemisorbed molecule (atom, ion) results in a quali-
tative change of the Hamiltonian of the interaction be-
tween the excited molecule (atom, ion) and the unoccu-
pied adsorption site. Therefore, two different sets of
excited states are formed: one is formed when the exci-
tation occurs on an unoccupied adsorption site and the
other one is formed on an occupied adsorption site. Fur-
ther, the former set is called a set of intrinsic excited
levels while the latter one is a set of extrinsic excited
levels. Transitions between them are possible due to the
migration of the chemisorbed molecules. The influence
of these transitions on desorption rate is discussed in
the second subsection.
2.1 SURFACE EFFECTIVE SITE
The transformation of the type of adsorption site is
possible because the system of excited levels is specific
for each type of adsorsption site. During migration an
excited molecule (atom, ion) changes its state by excite-
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ment or relaxation to the nearest level that belongs to the
set of levels of the other type of adsorption site. There-
fore, any chemisorbed molecule (atom, ion) can start
desorption from adsorption site of a given type and com-
plete it on a site of another type by undergoing several
transformations. The actual energy of desorption de-
pends on the overall probability of visiting sites of each
type. The state of occupation of a given adsorption site
does not affect this probability because the set of levels
is specific for each type of adsorption site both for in-
trinsic and extrinsic states.
The main goal of the present paper is to evaluate the
rate of oxygen desorption from small Pt clusters depos-
ited on NaX zeolite. The reason for this particular choice
is that this system meets all the conditions listed in the
Introduction. Therefore, two types of adsorption sites
are formed: adsorption sites at the Pt cluster surface
and adsorption sites at the metal-support boundary. As
it was mentioned above, the sticking coefficient of oxy-
gen on well-defined infinite surfaces is almost independ-
ent of the crystallographic orientation. This allows an
assumption of approximating the Pt clusters to hemi-
spheres of size L and of random distribution of identical
adsorption sites on Pt cluster surfaces. It is also as-
sumed that the boundary adsorption sites retain identical
properties and that they are randomly distributed on the
boundary.
It is supposed that a recombination of the chemisorbed
oxygen atoms occurs when two atoms are in the ground
(or low excited) state. That is why the subject of the
considerations is the further behaviour of an excited
oxygen molecule.
The number of transformations of the type of ad-
sorption site depends on the probability of visiting any
adsorption site by migration. When the following esti-
mation holds any excited molecule visits any adsorption
site with equal probability:
(1)
where L is the size of the cluster, a is the typical nearest
neighbour distance, Dτ  is the time of a single hop at an
excited state, and desτ  is the desorption duration. The
slowest process of excitation is the excitation of the vi-
bration degrees of freedom by excitation of the rota-
tional degrees of freedom. According to Zhdanov [7],
the duration of this process for diatomic molecules is of
the order of 610−  s. The highest typical value for the
time of single hop of chemisorbed oxygen on Pt surface
is of the same order. However, the migration rate in an
excited state, Dτ , is of several orders higher magnitude
than that in the ground (chemisorbed) state and since
the size of the clusters considered is 1−2 nm, it is evi-
dent that Eq. 1 holds. Since any adsorption site is visited
with equal probability, the overall probability of desorption
from each type of adsorption site is proportional to the
number of sites of a given type.
The energy of desorption from the SES site com-
prises the energies of desorption from the two types of
sites but they enter with corresponding statistical weights.
The latter are defined by the probability of undergoing a
transformation. Under the condition of Eq. 1, the statis-
tical weights are proportional to the relative number of
sites of each type. The energy of desorption from SES
due to this type of transformation reads:
(2)
where µ  is the relative number of the surface type ad-
sorption sites; dsE  is the energy of desorption from the
surface type adsorption sites; dbE  is the energy of
desorption from the boundary type sites. Under the ap-
proximation of Pt clusters to hemispheres µ  is defined
by:
(3)
where sN  is the number of the surface type-sites; bN  is
the number of the boundary type-sites.
Another type of adsorption site transformation is pos-
sible when dsdb EE > . These transformations occur when
a chemisorbed molecule on the surface reaches an oc-
cupied boundary site. More precisely, when a
chemisorbed molecule on the surface reaches a bound-
ary site by migration, the following alternatives are pos-
sible:
(i) The boundary site is occupied and the molecule on
this site is in the ground state. Then the molecule that
comes from the surface is scattered back;
(ii) The boundary site is unoccupied. Then the mol-
ecule that comes from the surface occurs in an excited
state. This state, however, is a low excited one since the
molecule migrates on the surface, being at the ground
state. Therefore, the probability of relaxation to the
ground state is much higher than the probability of
desorption, so the surface molecule is most probably
readsorbed on an unoccupied boundary site.
(iii) If a molecule that comes from the surface reaches
a boundary site on which the molecule is in highly ex-
cited state, an inelastic collision between both molecules
takes place. The collision results in desorption of one of
the molecules. The molecule that comes from the sur-
face is in a low excited state while the other molecule
has some vibration and rotational states excited as well
as some electronic states excited. Thus, most likely the
molecule from the surface becomes in an intrinsic state
with the energy of desorption dsdb EE −  while the bound-
ary molecule is scattered to the state of a free molecule,
i.e. it is desorbed.
The probability per unit time (frequency) of this trans-
formation to take place equals the frequency of a
chemisorbed molecule on the surface to reach the bound-
ary by starting anywhere on the surface times the fre-
quency of the boundary molecule to be at a highly ex-
cited intrinsic state. The frequency of reaching the
boundary by starting anywhere on the surface is:
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Next, it is found that for the system considered the
following estimation holds:
(5)
where *Dτ  is the single hop duration of the surface mol-
ecule between two neighbouring boundary sites. Since
the surface molecule is in an excited state at the bound-
ary, the duration of a single hop is much shorter than the
duration of a single hop of migration at the ground state.
b
desτ  is the duration of desorption at a boundary site.
Considerations for the values of *Dτ  and bdesτ  are given
above (see Eq. 1). It is obvious that for oxygen desorption
from Pt clusters of 1−2 nm size estimation (5) holds.
The fulfilment of Eq. 5 ensures that a surface molecule
can reach any boundary site before being desorbed.
Formally, this provides an independence of the probabil-
ity of these transformations on coverage. Therefore, the
frequency of the transformation to occur reads:
(6)
where 0ν  is the frequency factor.
The contribution of this type of transformation to the
energy of the SES site is:
(7)
It is worth noting that both types of transformations
are independent. The former type takes place because
any molecule in any excited state can change the type of
the site. The latter type occurs when a molecule
chemisorbed on the surface reaches the boundary by
migration in the ground state. The specific collision de-
scribed above takes place and results in desorption of
already excited molecule from a boundary site. Thus,
the latter type of transformation is typical of specific
spatial distribution of the types of adsorption sites at
small clusters for which dsdb EE >  holds.
The lateral interactions of the chemisorbed molecules
can only modify dbE  and dsE  but they do not induce
another type of transformation. That is why they are
not considered in the present paper.
The overall energy of desorption from a surface ef-
fective site becomes:
(8)
It is obvious that when ∞→L  dsd EE →  which is a
result of the specific spatial distribution of the types of
adsorption sites on the Pt clusters. When L is finite,
there is an apparent dependence of dE  on the cluster
size, L.
2.2. INTRINSIC-EXTRINSIC TRANSITIONS
Transitions of intrinsic state to extrinsic state occur
when two molecules, one of which is in the ground state
and the other one is in an excited state, occur on one
and the same adsorption site after migration. Since no
more than one molecule can be at the ground state, i.e.
in a chemisorbed state, the molecule in the excited state
can only migrate or be excited to a higher state but it
cannot relax (and eventually be chemisorbed) on that
adsorption site. The extrinsic states are more highly ex-
cited states than the intrinsic ones. That is why these
transitions increase the probability of desorption. The
rate of migration of the chemisorbed molecules increases
when the temperature is raised, which ensures an en-
hanced rate of these transitions in the desorption proc-
ess.
The specific spatial distribution of both types of ad-
sorption sites at the Pt clusters and the suggestion
dsdb EE >  provide that only transitions that occur on the
cluster surface do substantially contribute to the
desorption rate. The major mechanism of chemisorbed
molecule diffusion is the phonon-assisted hopping. The
energy of activation of the hopping is proportional to the
energy of the ground state. Since dsdb EE > , the hop-
ping rate of the molecules chemisorbed at the boundary
is much smaller than the hopping rate of the molecules
chemisorbed at the surface. That is why only transi-
tions that take place at the surface are considered next.
The systems of levels of the intrinsic and the extrin-
sic states are qualitatively different because they have
different number of open channels. Therefore, it is next
assumed that only two levels of qualitatively different
properties can approximate both  systems, namely:
(i) intrinsic level that retains three open channels: mi-
gration (probability mf ), further excitation (probability
df ) and further relaxation (probability af ).
(ii) extrinsic level that retains two open channels: mi-
gration (probability *mf ) and further excitation (prob-
ability *df ).
The probabilities of different channels at both levels
are parameters in the following considerations. They can
be carried out by any quantum-mechanical approach
available to the system considered.
First King [8] introduced this approximation to evalu-
ate the influence of the excited states mobility on the
sticking coefficient and the desorption rate. He assumed
that an excited molecule makes an infinite number of
hops while being desorbed. This approximation is justi-
fied by the rapid conversion of the pre-exponential fac-
tor of King‘s equation for the desorption rate:
(9)
where θ  is the coverage; ( )θg  is the probability of an
adsorption site to be available for adsorption. According
to King ( ) ( )mg θθ −= 1 , where m  is the order of associa-
L
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tion). Thus, King takes into account only whether an
adsorption site is occupied or not but he does not in-
volve intrinsic-extrinsic transitions. A modification of
King’s expression is made which is twofold: (i) any mi-
gration of a cluster surface molecule can make only a
finite number of hops. The number of possible hops is
restricted since, reaching the boundary, the molecule is
either readsorbed or scattered to a state of a free mol-
ecule (desorbed state); (ii) the impact of the intrinsic-
extrinsic transitions on ( )θg  is to be carried out. The
intrinsic-extrinsic transitions cause a decrease of ( )θg
since an unoccupied adsorption site can become occu-
pied and an excited molecule on this site cannot be fur-
ther adsorbed on the same site.
 First, a restriction over possible number of hops is
taken into account. The average number of hops of a
molecule excited anywhere on the cluster surface is
N = L2/a2. Therefore:
(10)
where the separation into two parts is formal. After some
rearrangement of Eq. 9:
(11)
(12)
where:
(13)
( )θS  is the sticking coefficient in the frame of the pro-
posed model:
(14)
Γ, σ and K vary restrictively by obvious constraints:
1** =+ md ff  and 1=++ dma fff . Since the extrinsic state
is much more weakly bonded than the intrinsic one, it is
assumed that dd ff >>*  and mm ff >>* . Then:
(15)
It is obvious that with certain parameter values, ( )θf
is of the order of ( )θ*infF  and thus it cannot be neglected.
The next item is modifying ( )θg  by involving intrin-
sic-extrinsic transitions. The qualitative change of the
Hamiltonian that is caused by this transition gives a dif-
ference in energy between the intrinsic and the extrinsic
state. Therefore, the modified ( )θg  becomes:
(16)
( ) ( ) ( )( ) ( )


 Γ−+= θ
θθσθ
gS
gKSfF m 0
1*
inf
m
d
f
f=σ ,
mm
d
ff
fK −= *
*
, dd ff −=Γ * .
1<<σ , 1≈Γ , Γ−
−−Γ+=
1
1 am ffK σ .
( ) ( ) ( ) 

−−=
RT
zg m εθθθ exp1 ,
( ) ( ) ( )( )θαθ Kgff fS mm a +−= 1 1* .
( ) ( )( ) ( )( ) ( )( )θθ
θθ gK
K
f
gS
Sf
N
d −



Γ−=
*
10
,
( ) ( ) ( )θθθ fFF −= *inf ,
where ε  is equal to the energy difference between the
intrinsic and the extrinsic state, ( )θz  is equal to the prob-
ability that an intrinsic-extrinsic state transition occurs
on a single site, T  is the temperature of the cluster sur-
face. The derivation of ( )θz  has been made in Refs. 9
and 10. The basic factor that determines ( )θz  is the value
of the 0dp ττ  ratio, where pτ  is the lifetime of the in-
trinsic state and 0dτ  is the duration of a single hop of a
chemisorbed molecule. Provided the chemisorbed mol-
ecules are randomly distributed over the adsorption sites,
the following extremes are possible.
(i) If 1
0
≈
d
p
τ
τ
, then
(17)
where 0z  is the average number of nearest neighbours
to a single adsorption site, sθ  is the coverage at satura-
tion.
(ii) If 1
0
<<
d
p
τ
τ
, then
(18)
(iii) If 1
0
>>
d
p
τ
τ
, then ( )θg  is derived by the quasi-
chemical approach.
The rate of association m  is 2 for all the extremes.
Finally, the desorption rate reads:
(19)
where ( )θF  and dE  are given by Eqs. 10 and 8, respec-
tively. The most distinctive property of the desorption
rate, presented by Eq. 19, is the apparent dependence of
the desorption energy on cluster size.
3. SIMULATION OF TPD SPECTRA AND COMPARI-
SON WITH THE EXPERIMENT
The aim of this section is to stimulate TPD spectra of
oxygen desorption from Pt clusters deposited on NaX
zeolite. The choice of this particular system is associ-
ated with the following features of the experimentally
obtained TPD spectra: (i) the TPD peaks shift toward
lower temperatures on increasing the average size of Pt
clusters (Fig. 1); (ii) the position of the peaks slightly
shifts toward higher temperatures on increasing the heat-
ing rate (Fig. 2); (iii) the position of the peaks does not
shift on changing the initial coverage (Fig. 3).
Jaeger et al. [5,6] have not succeeded in explaining
these features under the suggestion that desorption pro-
ceeds through several independent types of adsorption
sites at reasonable values of the fitting parameters.
The desorption rate presented by Eq. 19 is relevant
for the system considered when oxygen readsorption in
the zeolite cavities is negligible. The readsorption is to
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Fig. 3. Experimental dependence of the TPD spectra on the initial
coverage with sample 3, Θ %; (——) 34.6; (− − −) 19.8; (— —)
9.2;   (reproduced with permission from Ref. 6)
be expected when there are macroscopic areas of equal
pressure of outgoing gases in the zeolite lattice. The re-
alization of such case is hardly to be expected for or-
dered structure, such as the zeolite lattice, under condi-
tions specific of experiment: the rate of outgoing flow is
relatively low, so the flow can be assumed laminar.
An issue of primary importance is that the best fit
between simulated and experimental TPD spectra is to
use reasonable values of the fitting parameters. To di-
minish the number of the fitting parameters the
desorption energies of both types of adsorption sites are
fixed, namely 355 and 125 kJ/mol for the boundary ad-
sorption sites and the surface type adsorption sites, cor-
respondingly. The average distance between neighbour-
ing adsorption sites is fixed at 0.3 nm, which well ap-
proximates the experimentally obtained 0.277 nm [11].
Therefore, the fitting parameters are σεν ,,,0 Γ  and K . 0ν
is defined by the edge of the phonon spectrum, whose
value for small clusters is about an order of magnitude
less than the value of the edge of infinite system [12].
The best fit is achieved at 1120 108 −×= sν , which satis-
fies this confinement. The values of the best fit of the
other parameters are:
• 999.0=Γ ; 005.0=σ ; 12=K . These values satisfy
Eq. 15;
• 9.0=ε  kJ/mol. The same value is achieved for the
systems O2/Pt(110) [9] and O2/Si(100) [10]. The uni-
formity of ε  for these different systems supports the
suggestion that the intrinsic and extrinsic states are highly
excited states and thus their properties are almost inde-
pendent of the nature of the adsorbent;
• no experimental data on the value of the 0dp ττ
ratio are available. That is why all the TPD spectra are
simulated both at 10 ≈dp ττ  and 10 <<dp ττ . No essen-
tial difference in the features of the spectra is obtained.
The TPD spectra shown in Fig. 1 are obtained with
samples of different average size of the Pt clusters. Ac-
cording to Jaeger et al. [5,6] not only the average size is
different but also the distribution of the Pt cluster size
varies with samples. The size distribution of sample 2 is
a narrow one with a single pronounced peak. That is
why only the average size is involved in the simulation.
The size distribution of samples 4 and 6 is narrow but
without any pronounced peak. That is why the details
of the distribution enter the simulation. The generaliza-
tion of Eq. 19 in order to involve the distribution of the
Pt cluster size reads:
(20)
where ( )iLP  is the statistical weight of the Pt clusters
with size iL ; ( )id Lr  is given by Eq. 19.
The comparison between simulated and experimental
TPD spectra (Figs. 1 and 4) shows a good agreement
both in the temperature shift dependence on cluster size
and in the broadening of the peaks. The broadening of
the peaks with samples 4 and 6 is, however, a
superposition between the role of the average size and
the role of its distribution. The separation of the two
effects is made by extra simulation: a TPD spectrum of
sample 6 is simulated separately involving the average
size and the size distribution. These simulations are
shown in Figs. 5a and 5b. It is easily seen that the broad-
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Fig. 1. Experimental TPD spectra for samples with the follow-
ing average Pt cluster size, L, and initial coverage, Θ: curve (1)
L=1.1 nm, Θ=0.138; curve (2) L=1.6 nm, Θ=0.216; curve (3)
L=1.6 nm, Θ=0.346; curve (4) L=2.8 nm, Θ=0.246; curve (5)
L=4.2 nm, Θ=0.272; curve (6) L=5.0 nm, Θ=0.116 (reproduced
with permission from Ref. 5)
Fig. 2. Experimental dependence of the TPD spectra on the heat-
ing rate with sample 6; heating rate (K/min): (——) 57.5; (− − −)
23.0; (— —) 11.5; (. . .) 5.75; (—.—.—) 1.15 (reproduced with
permission from Ref. 6)
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Fig. 4. Simulated TPD spectra for samples 2, 4 and 6. Pt cluster
sizes and the initial coverage are the same as compared to the
corresponding experimental TPD spectra shown in Fig. 1
Fig. 5. Simulated TPD spectra for sample 6: curve (a) taking into
account the average Pt cluster size; curve (b) considering Pt
cluster size distribution
Fig. 6. Simulated TPD spectra dependence on the heating rate
with sample 6; heating rate (K/min): curve (a) 57.5; curve (b) 23.0;
curve (c) 11.5; curve (d) 5.75; curve (e) 1.15
Fig. 7. Simulated TPD spectra dependence on the initial coverage
with sample 3; initial coverage (Θ %): curve (a) 34.6; curve (b)
19.8; curve (c) 9.2
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ening is due to the lack of any pronounced peak in the
size distribution. The difference in the experimentally
observed peak area in the TPD spectra in Fig. 5 is ex-
plained further.
The second peculiarity of the experimental TPD spec-
tra is the lack of temperature shift on changing the heat-
ing rate. The corresponding simulated TPD spectra are
shown in Fig. 6. There is a good agreement between the
experimental (Fig. 2) and simulated (Fig. 6) TPD spec-
tra.
The simulated dependence of TPD spectra on the ini-
tial coverage is shown in Fig. 7. The simulated TPD
spectra demonstrate a slight temperature shift of the peak,
contrary to the corresponding experimental TPD spec-
tra shown in Fig. 3. It is supposed that the reason for
the discrepancy is in the inaccuracy of acquiring the
size distribution of the Pt clusters. According to Jaeger
et al. [5,6] the accuracy in the size distribution is 80%.
The final item in this section is the explanation of the
difference in the experimentally observed peak area of
the spectra for the same initial coverage. This differ-
ence appears apparently in Fig. 5 but it is also presented
in Fig. 2 and Fig. 6. It is generally accepted that the
experimentally observed area in a TPD spectrum is pro-
portional to the initial coverage. This is so, however,
only when the desorption rate is a simple exponential
function of the inverse temperature. In the present model
the desorption rate (Eq. 19) is a complex function of the
inverse temperature and it retains long “tails” under the
peak. The “tails” are seen in the TPD spectra shown in
−R
d
T, K500 700
0.02
0.06
−R
d
0.20
0.60
T, K
500 900700
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Fig. 1. The presence of ”tails” is the reason that the
observed peak area is not proportional to the initial cov-
erage.
CONCLUSIONS
The major assumption of the model presented is that
the adsorption properties on the surface of small metal
clusters and at the boundary to the support are differ-
ent. The effect is pronounced when the adsorption prop-
erties on the surface are independent of the particular
geometry of the clusters and the main adsorption mecha-
nism is the electronic transfer. The change in the ad-
sorption properties results in the appearance of an extra
band in the IR spectra of the adsorbate on small clusters
deposited on a non-adsorbing support. An essential prop-
erty of this band is that its intensity changes on chang-
ing the size of the clusters.
An unusual figurative conversion of both types of
adsorption sites due to the mobility of chemisorbed and
excited molecules causes the formation of a single type
of adsorption site, called surface effective site. A distin-
guished property of the energy of desorption from SES
is the explicit dependence on cluster size.
The complicated dependence of the desorption rate
on the inverse temperature reveals a lack of proportion-
ality of the observed peak area to the initial coverage.
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